In order to investigate the processes which integrate local orientation information in observers with strabismic amblyopia, we measured contrast thresholds for discriminating the global orientation of a pattern (3 "bars") comprised of Gabor patches. We found that in both eyes of amblyopic observers, as has been reported for normal observers [Saarinen, Levi & Shen (1997) Proceedings of the National Academy of Sciences USA, 94, 8267-8271], there is an approximately two-fold enhancement of contrast sensitivity when the global and local orientations are aligned (relative to mixed orientations), and a smaller enhancement when the global and local orientations are orthogonai. This orientation dependent enhancement occurs despite substantial losses of contrast sensitivity. These results suggest that the integration processes in the amblyopic eye that operate to enhance detection are essentially intact.
INTRODUCTION
Neural interactions are thought to play a fundamental role in human pattern perception (e.g., Gilbert & Wiesel, 1990) . Neural interactions (both long-and short-range) have been implicated in spatial facilitation and suppression effects (Polat & Sagi, 1993 , 1994 , contextual effects (Gilbert & Wiesel, 1990; Kapadia, Ito, Gilbert & Westheimer, 1995) , contour integration (Field, Hayes & Hess, 1993; Moulden, 1994) and "crowding" or contour interaction effects (e.g., Flora, Weymouth & Kahneman, 1963; Toet & Levi, 1992; Kooi, Toet, Tripathy & Levi, 1994) . Recent work (Polat & Sagi, 1993 , 1994 Polat & Norcia, 1996) suggests that in normal vision, nearby flanking contours can facilitate detection of a target when the local features in the target and flank are similar (e.g., have similar orientations). Interestingly, Polat, Sagi & Norcia (1997) report that the facilitation evident in normal vision is weaker or absent in humans with naturally occurring amblyopia, and they suggest that the long-range interactions$, so important for normal vision, are compromised by the amblyopic process.
Amblyopia is a developmental abnormality of spatial vision (Levi & Carkeet, 1993) , and the mechanisms of visual loss are not well understood. If correct, the *College of Optometry, University of Houston, Houston, TX 77204-6052, U.S.A. ?To whom all correspondence should be addressed [Fax: + 1 713 743 1888; Email: dlevi@uh.edu]. ~As discussed in the Discussion section, it is not clear that the facilitation described by Polat et al. is a consequence of long-range interactions.
hypothesis that neural interactions are compromised in amblyopia would have important implications for understanding the neural basis of the amblyopic loss. Indeed, it has long been suggested that "crowding" effects may be abnormal in amblyopic vision (Stuart & Burian, 1962; Flom et al., 1963; Hess & Jacobs, 1979; Flom, 1991-- to be discussed later), and these effects have also been attributed to abnormal long-range interactions. However, in the study reported by , the effects are small, and vary considerably among the amblyopic observers. In their study, the observer's task was to detect a Gabor patch in the presence of a pair of high contrast (40%) flanking Gabor maskers. While normal observers show strong facilitation of detection when the flanks are nearby (2-3 wavelengths), the amblyopic eyes showed less or even no facilitation. However, it is likely that the effect of the maskers will depend upon the visibility of the mask (i.e., the strength of the mask relative to the observers' detection threshold for the mask). A ubiquitous finding is that amblyopic eyes have elevated contrast thresholds, particularly at high spatial frequencies (e.g., Levi & Harwerth, 1977; Hess & Howell, 1977; Bradley & Freeman, 1981; see Levi, 1991 for a review). Thus, it is quite possible that the fixed contrast masks used by Polat et al. (1997) Mixed FIGURE 1. Examples of our stimuli which consisted of three parallel global contours ("bars"), each comprised of five circular Gabor patches. The observers task was to decide whether the global orientation of the bars was horizontal (right) or vertical (left). The Gabor carrier could be aligned with the global orientation (top): orthogonal to the global orientation ¢middle) or mixed (i.e., the orientation of each patch was randomly assigned to be horizontal or vertical.
requires a stimulus configuration which can reveal the effects of interactions, but in which all the contours are scaled to the detection threshold. Recently, Saarinen, Levi and Shen (1997) have reported strong contextual integration effects for stimuli near the detection threshold in normal vision, and suggest that these effects may have a similar neural basis to the effects reported by Polat and Sagi--namely neural interactions. Specifically, in one experiment, Saarinen et al. (1997) reported that contrast thresholds for discriminating the global orientation (horizontal or vertical) of a pattern (3 "bars") were strongly modulated by the orientations of the local features (oriented Gabor patches) comprising the global pattern. When the orientations of the local features were aligned with the global orientation, detection thresholds were about a factor of two lower than when the local features had mixed (both horizontal and vertical) orientations. Moreover, when the local features were oriented orthogonal to the global orientation, thresholds fell about midway between the thresholds with mixed local orientations, and those with aligned local and global orientations. Because all of the local features have the same (near threshold) contrast, and are band limited in their spatial frequency content, we believe that the Saarinen et al. paradigm provides an excellent method for studying interactions in humans with amblyopia. The present paper reports the results of such a study, and shows that despite very marked losses of contrast sensitivity, the interactions revealed by varying the orientations of the local features are essentially normal.
METHODS
The stimuli and methods are similar to those reported by Saarinen et al. (1997) and will only be briefly described here. The stimuli consisted of three parallel global contours ("bars"), each comprised of five circular Gabor patches (Fig. 1) . The Gabor patches (truncated at +1.5 SD) were abutting (i.e., had a center-to-center separation of 3 SD, where the interaction effects were found to be greatest), and contained a carrier sinusoid with a period of either 1 c/SD (bandwidth ~0.55 octaves) or 0.5 c/SD (bandwidth ~ 1.1 octaves). In order to test observers over a range of conditions where the amblyopic loss might be significant, we varied the observers' viewing distance, while maintaining the same fixed stimulus dimensions on the display screen. This has the effect of changing the angular size, spacing and spatial period of the patches in inverse proportion to the viewing distance. The stimuli were generated using a Cambridge Research Systems VSG 2 Graphics card, and were displayed on a Mitsubishi Diamond scan monitor (see Saarinen et at., 1997, for details).
On each trial, the three bars (the global pattern) were presented for 500 msec, randomly oriented either horizontally or vertically, and the observers' task was to indicate the global orientation in a two-alternative forced-choice paradigm. From trial to trial the contrast of the pattern was selected at random from 1 of 5 nearthreshold levels which were predetermined in preliminary studies. The observers' task was to indicate the global orientation of the pattern by pressing one of two buttons, and visual feedback was provided after each trial. Contrast thresholds (at d'= 1) for identifying the global orientation were estimated by fitting the psychometric function relating correct identification to stimulus contrast with a Weibull function, and the thresholds reported are the means of 3-5 runs of 125 trials per run.
The observers were five amblyopic observers with constant strabismus (details are given in Table 1 ). All observers were highly practiced in making psychophysical judgments. Testing was monocular.
RESULTS
The four panels in Fig. 2 illustrate the two key results of our study. First, for each of the observers, the amblyopic eye showed a substantial elevation of contrast thresholds for identifying the global orientation of the pattern, and, as is the case for contrast detection, the threshold elevation is most severe at high spatial frequencies. Thus, for example, with the broader bandwidth patches (0.5 c/SD) observer DM shows a loss approaching one log unit at a spatial frequency of ~ 7 c/deg. With the narrower bandwidth patterns we were unable to measure her amblyopic eye's thresholds at this spatial frequency. Observer CB shows comparable losses for both types of patterns. Second, and most importantly for the present study, for both non-amblyopic and amblyopic eyes, there is a clear ordering of the thresholds, based upon the orientations of the local features. For all cases, thresholds are lowest when the local and global orientations are aligned, highest when they are mixed, and fall between when the local and global features are orthogonal. 
Condition
FIGURE 3. Data of each eye of each observer (for each spatial frequency and bandwidth separately) were normalized by dividing the threshold by that obtained in the mixed condition. These normalized thresholds were then averaged over conditions (spatial frequencies and bandwidths) and observers. Note that the normalized thresholds, plotted here in the form of histograms, are ahnost identical in amblyopic (solid) and non-amblyopic eyes (shaded), and are also essentially the same as those reported by Saarinen et al. (1997) (hatched bars). The approximately two-fold enhancement in sensitivity which occurs in normal vision when local and global orientations coincide, is also evident in humans with large losses of contrast sensitivity due to strabismic amblyopia.
The effect of orientation is comparable in non-amblyopic and amblyopic eyes. This can be seen in Fig. 3 , In order to examine the effect of orientation more closely, we normalized the data for each observer and condition (spatial frequency and bandwidth) to the thresholds obtained for that condition with mixed orientations. Figure 3 shows these normalized thresholds, averaged across both conditions and observers. In this plot, the thresholds for the mixed condition are constrained to be one (since they are divided by themselves). For both the non-amblyopic and amblyopic eyes, thresholds are somewhat lower (on average, ~ 0.75) when the global and local orientations are orthogonal, and are about half the mixed thresholds when the global and local orientations are aligned. The critical finding is that the normalized mean thresholds are almost identical in amblyopic and non-amblyopic eyes, and are also essentially the same as those reported by Saarinen et al. (1997--hatched bars) . Similar results were evident in the individual data, and one-way analysis of variance indicates that for both amblyopic and non-amblyopic eyes, there are significant effects of orientation (P < 0.05; F-83.95). However, for each of the three orientations, there was no significant difference between the normalized thresholds of amblyopic and nonamblyopic eyes (Tukey's post hoc multiple comparison). The approximately two-fold enhancement in sensitivity which occurs in normal vision when local and global orientations coincide, is also evident in humans with large losses of contrast sensitivity due to strabismic amblyopia.
DISCUSSION
The main result of our study is that amblyopes, like normals, show strong enhancement of contrast sensitivity (relative to that with mixed orientations) when the local and global contours are aligned, and weaker enhancement when the local and global contours are orthogonal. This enhancement occurs despite highly elevated contrast thresholds in the amblyopic eye.
The orientation dependent enhancement in contrast sensitivity in normal eyes has been suggested to depend on two separate mechanisms: one based upon cooperative local interactions facilitates propagation of neural activity along particular axes, and the other, operating when local and global orientations are ortbogonal, may be based upon second order integration from orientation selective filters that "collect" information from like-tuned filters (see Saarinen et al., 1997) . Since the enhancement in the amblyopic eyes is indistinguishable from that of the normals, it is reasonable to assume that these two putative integration processes are essentially intact, and that the main (though by no means the only) effect of amblyopia is a substantial loss of contrast sensitivity.
Our conclusions regarding interactions in amblyopia appear to be at odds with the recent report of Polat et al. (1997) . It is not clear whether the orientation dependent enhancement effects observed here, and by Saarinen et al. (1997) , are based upon the same orientation dependent integration mechanisms evident in Sagrs (1993, 1994) experiments. It is likely that there are several cues (and mechanisms) by which orientation specific contour integration may occur (e.g., Ben-Av & Sagi, 1995); however, Saarinen et al., reported similar effects of inter-element distance to those found by Polat and Sagi. We believe that the discrepancy is a consequence of Polar et al. (1997) using fixed contrast flanks. The effectiveness of the flanks in influencing sensitivity to a test pattern will depend on the visibility of the flanks (e.g., Legge & Foley, 1980; Zenger & Sagi, FIGURE 2 . The four panels in Fig. 2 plot contrast thresholds for correctly judging the global orientation of the patterns, plotted as a function of the carrier spatial frequency (note that the standard deviation and separation, specified in angular terms, are inversely proportional to the carrier frequency). Data are shown for three observers for stimuli with either 0.5 or 1.0 c/SD. For each of the observers, the amblyopic eyes (solid symbols) show a substantial elevation of contrast thresholds, particularly at high spatial frequencies. 1996; Yu & Levi, 1997; Foley & Crites, 1997) . In their study, Polat et al. (1997) used a fixed (40%) contrast flank. Note however, that for the amblyopic eyes of some of our observers, contrast thresholds for the orientation of multiple patches (15) were between about 40% and 80% (depending on the orientation) at spatial frequencies comparable to that used by Polat et al. (1997) ; thus, the flanks would have been less effective in the amblyopic eyes. In line with this, it is also interesting to note that in the one observer for whom complete functions are shown for both eyes (SW--their Fig. 4 top) , the amblyopic eye also shows equivalently less "suppression" (threshold elevation) than the fellow eye when the test and mask overlap, consistent with the notion that the mask was simply less effective.
Another potential difference between the present study, and that of Polat et al. (1997) , is that our observers were all highly practiced in making psychophysical judgments with their amblyopic eyes. Practice can improve performance in the amblyopic eyes of adults (Levi & Polar, 1996; Levi, Polat & Hu, 1997) , and might have altered the neural mechanisms involved in integration. Nonetheless, all of our observers have the hallmarks of amblyopia--acuity and contrast sensitivity losses--which, for some of our observers are quite profound. Thus, practice did not eliminate the amblyopic deficit in these observers.
Are long-range interactions compromised by amblyopia? Based on their finding of reduced facilitation, Polat et al. (1997) concluded that long-range interactions are compromised by the amblyopic process. The present results suggest that under appropriate conditions, amblyopes demonstrate normal facilitation. However, it is not clear that the facilitation reported by Polat et al. (1997) (also Polat & Sagi, 1993 , 1994 in normal vision reflects long-range interactions. In their studies, normal facilitation is maximal when the high contrast flanks abut the low contrast test patch; thus long-range interactions may not be involved. Indeed, there are at least two alternative explanations for the facilitation: first, the effects may be local rather than long-range. As discussed by Morgan and Dresp (1995) , remote facilitation could simply be a consequence of the well known "pedestal" effect, i.e., thresholds for detecting a target are facilitated by adjacent high contrast flanks which produce weak input to the mechanism detecting the test target, and therefore act like a low contrast (superimposed) pedestal. If this explanation is correct, then "abnormal" facilitation shown by Polat et al.'s amblyopic observers, may be due to the fact that the flanks were not sufficiently suprathreshold in the amblyopic eyes, to produce facilitation. Indeed, normal facilitation is evident in amblyopic eyes when a test grating is superimposed on a low contrast pedestal grating (Bradley & Ohzawa, 1986; Levi, Klein & Wang, 1994) . A second possible explanation for the facilitation reported by Sagi (1993, 1994) in normal observers, is that the high contrast flanks reduce uncertainty about the location, spatial frequency and orientation of the flanks (e.g., Pelli, 1985) . In the amblyopes, the low visibility of the flanks may have made them less effective in reducing uncertainty. Concerns about uncertainty are not applicable to the present study, which involved a global task; however, the facilitation effects shown here need not involve longrange interactions either. Indeed, Saarinen et al. (1997) suggested that the strong facilitation evident when local and global stimulus orientations are aligned is likely due to local interactions.
There have been previous reports of abnormal spatial interactions or crowding effects in amblyopic eyes. For example, when an optotype is flanked by nearby contours, the detectability of the optotype is reduced. This effect occurs over larger distances in amblyopic, than in normal eyes (e.g., Stuart & Burian, 1962; Flora et at., 1963; Hess & Jacobs, 1979; Flom, 1991) . Similarly, Vernier acuity is subject to interference by nearby flanks (Westheimer & Hauske, 1975; Levi, Klein & Aitsebaomo, 1985) , and these effects extend over much larger angular distances in amblyopic eyes ; however, in both optotype and Vernier acuity, the contour interaction function of the amblyopic eye appears to be a largely scaled version of the normal eye's function. This is probably due the fact that when viewing broad-band stimuli (such as line-Vernier targets or optotypes) the amblyopic eye engages lower spatial frequency filters than does the normal eye (Levi, Waugh & Beard, 1994) . On the other hand, the normal shape of the interaction function suggests that the processes involved are qualitatively similar in normal and amblyopic eyes.
To summarize, we measured contrast thresholds for discriminating the global orientation of a pattern. We found that in both eyes of amblyopic observers, as has been reported for normal observers, there is an approximately two-fold enhancement of contrast sensitivity when the global and local orientations are aligned (relative to mixed orientations), and a smaller enhancement when the global and local orientations are orthogonal. This orientation dependent enhancement occurs despite substantial losses of contrast sensitivity. These results suggest that the integration processes in the amblyopic eye that operate to enhance detection are essentially intact.
